The anaplastic lymphoma kinase (ALK) on 2p23 is a tyrosine kinase that forms chimeric fusions with numerous translocation partners. We describe a mass spectrometry-based approach for the identification of ALK fusion partners. This approach accurately identified the nucleophosmin (NPM)-ALK fusion protein in an anaplastic large cell lymphoma (ALCL)-derived cell line carrying the t(2;5)(p23;q35), and the TPM3-ALK in a clinical biopsy of inflammatory myofibroblastic tumor (IMT) carrying the t(1;2)(q21;p23). This study shows the ability of mass spectrometry to identify oncogenic chimeric proteins resulting from chromosomal rearrangements. This strategy can be adapted for the identification of known and unknown translocation partners of chimeric ALK fusion proteins involved in oncogenesis.
C
hromosomal translocations are among the most frequent category of genetic alterations identified in cancer (1) (2) (3) . Indeed, chromosomal translocation is a common mechanism of oncogenic activation (1, 2, 4) . Chromosomal translocation-mediated deregulation of cancer genes occurs either by the aberrant juxtaposition of an oncogene to another gene or locus or by the generation of a chimeric transcript that encodes a fusion protein with enhanced oncogenic activity (3) . A significant proportion of these translocations are recurrent and characteristic of different types of cancer, thus providing a basis for elucidation of the pathogenesis and diagnosis of those tumors (1, 2, 4, 5) . Recently, knowledge of genes participating in chromosomal translocations has permitted the development of targeted therapies that inhibit a partner of the chimeric fusion (6, 7) . Thus, strategies that facilitate the identification of oncogenic proteins and their translocation partners are crucial to the understanding of tumor biology, the identification of tumor biomarkers, and the development of disease-specific therapeutic approaches.
Existing methods for the identification of chromosomal translocation partners are nucleic acid based. These methods include direct cloning and sequencing after screening of cDNA libraries using probes complementary to the known translocation partner and PCR-based technologies such as rapid amplification of cDNA ends (8) (9) (10) , inverse PCR (11) , inverse panhandle PCR (12, 13) , and long-distance PCR (14) . The development of mass spectrometrybased methods is desirable and would complement nucleic acidbased methods because of the ability of a peptide sequencing-based approach to distinguish fusion peptides from splice variants.
Tandem mass spectrometry (MS͞MS) has emerged as a robust technique for peptide sequencing and identification of proteins. In contrast to Edman degradation sequencing, where sequence determination is achieved by sequential chemical cleavage of amino acids from the amino terminus, MS͞MS identifies amino acid sequences by analysis of ionized peptides subjected to fragmentation. This technique provides primary structural information of amino acid composition and sequence (15) . In addition, MS͞MS is readily amenable to the analysis of proteins with modified amino termini or other modifications that would prohibit Edman sequencing (15) . MS͞MS is highly sensitive and permits analysis of proteins from a variety of sources (e.g., gel-purified, affinity-purified, and complex mixtures) and does not require purification to homogeneity (16) (17) (18) . Mass spectrometry-based proteomic approaches could facilitate the identification of translocation partners and would be applicable to the analysis of samples that are limited in quantity, such as clinical tissue biopsies.
The anaplastic lymphoma kinase (ALK) gene at 2p23 is frequently involved in chromosomal translocations with an increasing list of partners with formation of oncogenic fusion proteins (19, 20) . Native ALK is a receptor tyrosine kinase that belongs to the insulin receptor superfamily and is most similar to leukocyte tyrosine kinase (21) . The full-length WT ALK protein is a single-chain 1,620-aa transmembrane protein that is physiologically expressed in cells of neural derivation (21, 22) . Chromosomal translocations involving the ALK gene are characteristic of two neoplasms: anaplastic large cell lymphoma (ALCL) and inflammatory myofibroblastic tumor (IMT) (19, 20, (23) (24) (25) . The chimeric proteins consist, at the carboxyl terminus, of the intracytoplasmic portion of the ALK protein, which includes the catalytically active kinase domain and a heterologous fusion partner at the amino terminus. In most instances, the fusion partners encode ubiquitously expressed proteins with active promoters that promote elevated transcription of the chimeric ALK fusion transcript and protein. In addition, the ALK fusion partner proteins frequently contain amino-terminal oligomerization motifs that result in the autophosphorylation and constitutive activation of the ALK tyrosine kinase, the activity of which is critical for ALK-mediated oncogenesis (21, 26, 27) . Interestingly, whereas native full-length ALK is localized to the cytoplasmic membrane, chimeric ALK fusion proteins display varying subcellular localizations depending on the partner protein. Thus, the nucleophosmin (NPM)-ALK fusion exhibits nuclear and cytoplasmic distribution reflecting the nucleolar shuttling protein function of NPM. By comparison, tropomyosin 3 (TPM3)-ALK shows a cytoplasmic distribution reflecting the cytoplasmic localization of TPM3, a nonmuscular tropomyosin (21, 28) .
This study presents a proteomic strategy to identify translocation partners encoding oncogenic chimeric fusion proteins, using the human ALK oncogene product as a model system. We performed immunoaffinity enrichment of chimeric ALK fusion proteins from total cell lysates of an ALCL-derived cell line and a primary tissue biopsy of IMT. These tumor samples exhibited the chromosomal aberrations t(2;5)(p23;q35) and t(1;2)q25;2p23), respectively, by conventional cytogenetics and aberrant expression of the ALK protein by tissue immunohistochemistry. The fusion proteins were identified by molecular masses that were different from that of full-length ALK (176 kDa) on immunoblots probed with anti-ALK antibody. The candidate proteins were visualized by silver staining, excised from the SDS͞PAGE gel, and subjected to parallel digestion by using four enzymes with different proteolytic cleavage specificities (Fig. 4 , which is published as supporting information on the PNAS web site). MS͞MS revealed multiple overlapping peptides, identifying the NPM and ALK proteins in the ALCL cell line, and the TPM3 and ALK proteins in the case of the IMT. In each case, we identified fusion peptides representing hybrid sequences from both translocation partners that conclusively established the presence of aberrant fusions of NPM and TPM3 to the truncated ALK protein.
Results
Expression of the Chimeric ALK Fusion Protein in ALCL Cell Line and IMT Tissues. Immunohistochemical studies revealed positive nuclear and cytoplasmic reactivity for the ALK protein in the ALCL cell line and an exclusively cytoplasmic signal in the IMT sample (Fig.  1A) . The benign lymphocytes and background stromal tissues appropriately do not show ALK protein expression. We also performed Western blot analysis of lysates from the ALCL cell line and IMT tissue using an anti-ALK antibody (Fig. 1B) . The 80-kDa ALK fusion protein was seen in the ALCL cell line, and a 104-kDa ALK fusion band was seen in the IMT tissue lysate. Detection of ALK protein expression in cells that do not normally express this protein suggests oncogenic alteration of the protein. Additionally, the preferential subcellular localization of the aberrantly expressed protein in the cytoplasmic location in the IMT and nuclear and cytoplasmic distribution in the ALCL cell line suggested chimeric fusion of ALK with a cytoplasmic protein in the clinical IMT sample and a nuclear shuttle protein in the ALCL-derived cell line SUDHL-1.
Immunoprecipitation with Anti-ALK Antibody. To enrich for the ALK fusion protein, we performed immunoprecipitation using an anti-ALK antibody on total lysate obtained from the tissue sample. As the positive immunoprecipitation control, similar experiments were also performed using anti-ALK antibody on SUDHL-1 cell lysate, which contains the NPM-ALK fusion protein. Fig. 1C demonstrates separation of the ALK immunocomplex by SDS͞PAGE as visualized with silver staining of the separated proteins. Immunoprecipitation using a control IgG antibody was also performed. As shown in Fig. 1C , immunoprecipitation of the tissue lysate with the control IgG antibody revealed two predominant bands, one corresponding to the IgG heavy chain (Ϸ50 kDa) and another corresponding to the IgG light chain (Ϸ23 kDa). In comparison, the anti-ALK immunoprecipitate revealed unique bands at Ϸ80 kDa in the ALCL-derived cell line and 104 kDa in the IMT sample. Importantly, only the 80-kDa and 104-kDa bands were immunoreactive by anti-ALK immunoblotting analysis in the ALCL cell line and IMT sample, respectively (Fig. 1B) . Corresponding bands on parallel silver-stained 1D SDS͞PAGE gels were excised and further processed for analysis by MS͞MS.
Fusion Protein Coverage Map by MS͞MS.
Analysis of the 80-kDa band by MS͞MS identified a total of 51 peptides, with peptides ranging in length from 7 to 26 amino acid residues. The top protein database search hits from SEQUEST were summarized by using BIOWORKS BROWSER (ThermoElectron Corporation, San Jose, CA), with peptides identified from the 80-kDa SUDHL-1 gel band matching to UniProt database entries for both full-length ALK (38 peptides) and full-length NPM (10 peptides). In addition, we performed de novo sequencing of selected MS͞MS spectra, which returned low Xcorr values or did not match the database, to identify candidate fusion peptides (see Supporting Text, which is published as supporting information on the PNAS web site). We aligned the de novo peptide sequences to the ALK database sequence and identified segments of the fusion peptides matching ALK using both our sequence alignment cross correlation tool (Fig. 5 , which is published as supporting information on the PNAS web site) and by visual inspection. The non-ALK matching segments of the peptides were then independently searched to reveal the ALK fusion partner. We thus identified three independent and overlapping NPM-ALK fusion peptides: R.LKCGSGPVHISGQHLV-VYR (trypsin), K.CGSGPVHISGQHLV-VYRRK (lysine-C), and G.PVHISGQHLV-VYRRKHQELQ (proteinase K) ( Fig. 2 and Table 2 , which is published as supporting information on the PNAS web site). The hyphen indicates the fusion site. By combining the peptides identified in all four independent digests, a protein coverage map of the NPM-ALK fusion protein was constructed (Fig.  2) . The combined peptide coverage for the NPM-ALK fusion protein was 82.6% [ Table 1 (NPM-ALK)]. Fig. 3 shows the mass spectra of a fusion peptide representing the NPM-ALK fusion protein.
Analysis of the 104-kDa ALK immunoreactive band obtained from the anti-ALK antibody pull-down from the IMT tissue identified 60 peptides, with peptides ranging in length from 7 to 29 amino acid residues. Similarly, top database search results were summarized, and peptides identified from the 104-kDa IMT tissue ALK fusion were matched to UniProt database entries for both full-length ALK (33 peptides) and full-length TPM3 (23 peptides). Using the approaches described for the identification of NPM-ALK and detailed in Supporting Text, we identified four independent and overlapping TPM3-ALK fusion peptides: K.LEK-TIDDLE-VYR (trypsin), K. LEKTIDDLE-VYRRK (lysine-C), E.RSVAKLEKTIDDLE-VYRRKHQE (glutamic-C), and S.VAKLEKTIDDLE-VYRRKHQEL. (proteinase K) (Fig. 6 , which is published as supporting information on the PNAS web site, and Table 2 ). The hyphen indicates the fusion site. By combining the peptides identified in all four independent digests, a protein coverage map of the TPM3-ALK fusion protein was constructed (Fig. 6) . The combined peptide coverage for the TPM3-ALK fusion protein was 84.8% [Table 1 (TPM3-ALK)]. The mass spectra of a fusion peptide representing the TPM3-ALK fusion is shown in Fig. 7 , which is published as supporting information on the PNAS web site. Identification of fusion peptides for TPM3-ALK using our cross-correlation sequence alignment tool is displayed in Fig. 8 , which is published as supporting information on the PNAS web site.
Confirmation of NPM-ALK and TPM3-ALK Fusion Transcripts by RT-

PCR.
We confirmed the expression of mRNA fusion transcripts by RT-PCR using cDNA from the t(2;5)-positive SUDHL-1 cell line. NPM-ALK PCR yielded the expected product of 467 bp. Similarly, cDNA from the clinical sample with a diagnosis of IMT was subjected to RT-PCR specific for the TPM3-ALK fusion transcript. The TPM3-ALK PCR yielded a 147-bp band indicative of the presence of TPM3-ALK in the IMT sample (Fig. 9A , which is published as supporting information on the PNAS web site).
DNA Sequencing Confirms the NPM-ALK and TPM3-ALK Fusion. The presence of the NPM-ALK fusion in the ALCL cell line was confirmed by bidirectional DNA sequencing. Similarly, the TPM3-ALK fusion was confirmed in the IMT sample. Fig. 9 B and C demonstrates short segments of the nucleotide sequences obtained from the NPM-ALK and TPM3-ALK amplicons, respectively.
Discussion
We demonstrate the utilization of peptide sequencing by MS͞MS for the identification of translocation partners encoding chimeric fusion proteins in primary human cancers. Both the ALCL cell line and IMT samples were shown by conventional cytogenetics to contain rearrangements involving the ALK locus at band 2p23. Immunohistochemistry demonstrated aberrant ALK expression in both tumors, with distinct subcellular localization patterns suggesting different ALK translocation partners in the ALCL and IMT. For identification of the ALK translocation partners, our study used anti-ALK antibody immunoprecipitation to identify unique 80-kDa and 104-kDa bands. Immunoblotting with the same antibody demonstrated immunoreactive bands at the same molecular masses. The respective unique bands were excised and subjected to a parallel multiple enzyme digestion strategy that included three enzymes with specific but distinct cleavage activities: i.e., trypsin (K, R), endoproteinase lysine-C (K), endoproteinase glutamic-C (E), and an enzyme with nonspecific cleavage specificity (proteinase K). This digest method generated complementary and overlapping peptides and yielded Ͼ80% coverage of the chimeric fusion protein.
More importantly, this approach produced several peptides that spanned the translocation point and confirmed the chimeric fusion of the respective partner genes. In both the ALCL and the IMT, the identity of the translocation partners was also confirmed by RT-PCR studies demonstrating the expression of corresponding fusion transcripts and by DNA sequencing that demonstrated in-frame fusion of the translocation partners at the DNA level. Previous studies have used multiple proteolytic enzymes for the detection of single nucleotide polymorphisms (29) and posttranslational modifications (17) . However, both studies involved a combination of the different digests into a single sample tube before analysis by liquid chromatography (LC)-MS͞MS, which yields a complex peptide mixture for MS͞MS analysis (17, 29) . In the current study, we have used a multiple and parallel enzymatic digestion approach (Fig. 4) for the detection of chromosomal translocation-encoded chimeric fusion proteins. For each sample, aliquots from each specific enzyme digestion were processed and subjected to microelectrospray LC-MS͞MS separately, with the redundant data from each analysis superimposed to generate a composite sequence map of the chimeric fusion proteins (Figs. 2  and 6 ). This approach, wherein data from the multiple digests are combined after data acquisition, is advantageous in that it produces simpler peptide mixtures than combinations of multiple enzyme digests in one tube. Thus, whereas individual digests yielded between 25% and 41% coverage for both NPM-ALK and TPM3-ALK, the combination of all four enzymes produced an overall coverage of 82.6% and 84.8%, respectively. Importantly, overlapping fusion peptide sequences were identified in independent endoproteinase digests, thereby providing reliable sequence confirmation of the fusion partners encoded by the hybrid gene.
The utilization of multiple enzymes with distinct cleavage specificities yields various overlapping peptides, which permits highfidelity sequence coverage of the amino acid sequence at and beyond the junction of the chimeric fusion. The contiguous alignment of several peptides matching the two translocation partners contributes to the fidelity of identification of the gene products participating in the chimeric fusion. Conceivably, this approach can be simplified with the development of high-resolution, online preanalytical techniques that obviate the requirement for gel electrophoresis before analysis by mass spectrometry. The development of such techniques would overcome the drawback of the lowthroughput nature of this approach.
The proteomic strategy described in this article is readily applicable to the identification of the participating members of any fusion protein encoded from chromosomal translocation, wherein one of the partners is known and suitable antibodies are available. When immunoprecipitation and Western blotting using an antibody against a known translocation partner yields a protein band with a molecular weight distinct from that of the known protein, this band shift from its expected size raises the possibility of the presence of a chimeric fusion protein. Parallel multiple enzyme digestion and MS͞MS substantially increase the coverage of the protein sequence for identification of fusion peptides to confirm the juxtaposition of heterologous sequences from different genes. The strategy used in this article will permit the rapid identification of protein partners encoded by chromosomal translocations and represents a potential opportunity for a discovery method for identification of fusion proteins in malignant neoplasms.
Materials and Methods
Sample Preparation. The SUDHL-1 cell line was obtained from American Type Culture Collection and was maintained in RPMI medium 1640 supplemented with 10% heat-inactivated FCS and antibiotic mixture (GIBCO͞BRL).
A frozen tissue sample (1.4 ϫ 1.0 ϫ 2.0 cm) with the pathologic diagnosis of IMT was obtained from Primary Children's Medical Center, Salt Lake City. The diagnosis of IMT was made by three pathologists (M.S.L., K.S.J.E-J., and C.M.C.). All studies using samples from human subjects were approved by the Institutional Board of Review (IRB 11849) of the University of Utah Health Sciences Center.
Tissues were ground in liquid nitrogen, and lysates were prepared by sonication using lysis buffer (1% Triton X-100͞10 mM NaCl͞40 mM Tris⅐HCl, pH 8.6) and 0.1% protease inhibitor mixture (Sigma). Cell membranes and other undissolved components were removed by microcentrifugation. Protein concentrations were estimated by using the Bradford colorimetric method against known concentrations of BSA.
Immunohistochemistry. Immunohistochemical studies were performed on 5-m sections obtained from fixed paraffin-embedded cell blocks or tissues by using the ALK-1 antibody (DAKO), an avidin-biotin peroxidase technique, and an automated immunostainer (Ventana, Tucson, AZ).
Immunoprecipitation and Western Blot Analysis. For immunoprecipitation, lysate containing 1 mg of total protein was precleared by using the appropriate isotype IgG antibody, mixed with 10 g of anti-ALK antibody (Santa Cruz Biotechnology), and then incubated with gentle shaking overnight at 4°C. Protein G agarose was added to each tube, and the samples were incubated again with gentle shaking at 4°C. The immunocomplex was washed with cold PBS buffer, and the antibody-selected proteins were eluted from the agarose beads by boiling in SDS loading buffer (0.1 M Tris⅐HCl͞ 10% glycerol͞2% SDS͞0.05% bromophenol blue͞0.1 M DTT) for 5 min. Each sample was resolved by SDS͞PAGE and visualized with mass spectrometry compatible silver staining (Invitrogen) or transferred to nitrocellulose membrane for subsequent immunoblot analysis. Similar conditions with appropriate IgG antibody (Santa Cruz Biotechnology) were used for the control lane of each gel. All samples were prepared in replicates of four.
For immunoblotting, lysates containing 50 g of total protein (per lane) were resolved in a 10% SDS͞PAGE gel. Separated proteins were then transferred to a nitrocellulose membrane filter (Millipore) by using semidry transfer and blocked overnight at 4°C. The membrane was incubated at room temperature with the appropriate dilution of primary antibody, and then washed and incubated with horseradish peroxidase-conjugated secondary antibodies. The ALK C-19 antibody (Santa Cruz Biotechnology) was used at 1:1,000 dilution for immunoblotting analysis. Immunoreactive protein bands were visualized by using chemiluminescence (ECL Plus kit; Amersham Pharmacia).
Sample Digestion and Mass Spectrometric Analysis. After staining the gel, the bands of interest were excised, destained and washed, and chopped and dried, then rehydrated in ammonium bicarbonate buffer. To maximize the peptide profiling across the sequence of the fusion protein, replicates of each sample were independently digested by using freshly prepared trypsin, endoproteinase lysine-C, endoproteinase glutamic-C (Princeton Separations, Adelphia, NJ), and proteinase K (Sigma-Aldrich). Sequencing grade endopeptidases were added (1:50), and the tubes were incubated at 37°C. Tubes containing proteinase K were removed after 4 h, and the remaining samples were left to digest overnight. All digested peptides were extracted from the gel pieces by using 50% acetonitrile with 0.1% trifluoroacetic acid (TFA) and were reduced to a final volume of 30 l. Each sample was subjected to nanoflow reverse-phase LC͞MS by using the LCQ Deca XP ion trap mass spectrometer (ThermoElectron Corporation). Digested peptides were analyzed by using an acetonitrile gradient [0-40% B in 80 min; A ϭ 5% acetonitrile with 0.4% acetic acid and 0.005% heptafluorobutyric acid (HFBA); B ϭ 95% acetonitrile 0.4% acetic acid and 0.005% HFBA] through a reverse-phase column (75-m ID fused silica packed in-house with 12 cm of 5-m C18 particles) to elute the peptides at a flow rate of Ϸ150 nl͞min into the mass spectrometer. An electrospray voltage of 1.8 kV was used with the ion transfer tube temperature set to 200°C. Peptide analysis was performed by using data-dependent acquisition of one MS scan (600-2,000 m͞z) followed by MS͞MS scans of the three most abundant ions in each MS scan. Normalized collision energy was set to 35%, with a 30-ms activation time and isolation width of 1.7 amu. Dynamic exclusion was set to a repeat count of 3, with the exclusion duration of 3 min. For reproducibility and to accommodate the multiple enzyme digest strategy, anti-ALK immunoprecipitation experiments were performed in four replicates.
Data Analysis. Acquired MS͞MS spectra were searched with SE-QUEST against amino acid sequences in the UniProt protein database (10.15.2004 download). The peptide-matching criteria of a cross-correlation score (X corr ) Ͼ 1.5 for ϩ1 peptides, Ͼ 2.5 for ϩ2 peptides, and Ͼ 3.5 for ϩ3 peptides, and a delta correlation score (⌬C n ) Ͼ 0.100 was used as a threshold of acceptance. Finally, all SEQUEST results from replicate experiments (trypsin, lysine-C, glutamic-C, and proteinase K digests) were combined to create a coverage map across the fusion protein.
For identification of fusion peptides containing potential ALK and partner sequences, acquired MS͞MS spectra that passed the following thresholds of total ion signal intensity (precursor ion count Ͼ 2 ϫ 10 5 ), acceptable signal-to-noise ratio (S͞N Ͼ 5:1), and charge state determination (ϩ1, ϩ2, or ϩ3), but with low charge state dependent SEQUEST Xcorr scores (i.e., ϩ1 Ͻ 1.5, ϩ2 Ͻ 2.5, ϩ3 Ͻ 3.5), were selected for peptide sequence interpretation by using the de novo algorithm in BIOWORKS (ThermoElectron Corporation) and independently confirmed by visual͞manual inspection according to previously described rules (15) . The MS͞MS spectra that returned low scores or that were unmatched to proteins in the database represent a ''candidate pool'' of possible ALK fusion peptides. Accordingly, each peptide candidate was used as an input sequence to query against the full-length ALK amino acid sequence provided in the UniProt protein database. Alignment of each of these peptides to the ALK sequence was performed by using both our sequence cross-correlation alignment tool (30) (Figs. 5 and 7) and visual inspection to identify peptide sequence segments that matched ALK. Varying lengths of amino acid residues in the fusion peptides matched ALK ( Table 2 ). The nonmatching amino acid residue segments that were contiguous with the ALK matching segment of the peptide represented the heterologous binding partner of ALK. These nonmatching sequences were then independently subjected to a full protein database search to identify the ALK fusion partners (Supporting Text and Table 2 ).
RNA Extraction and RT-PCR. Total RNA was extracted from the SUDHL-1 cell line and IMT tissue sample by using TRIzol reagent (Life Technologies, Gaithersburg, MD). Integrity of sample RNA was assessed by RT-PCR for the ubiquitously expressed ABL gene. One microgram of RNA was reverse-transcribed by using random primers following the manufacturer's protocol (Invitrogen), and PCR was performed by using ABL forward bp 481 (5Ј-CCCAACCTTTTCGTTGCACTGT-3Ј) and ABL reverse bp 866 (5Ј-CGGCTCTCGGAGGAGACGTAGA-3Ј) with the following cycling protocol: 95°C for 1 s, 53°C for 5 s, and 72°C for 25 s for 40 cycles on the Rapid Cycler (Idaho Technology, Salt Lake City). Expected product size was 486 bp.
RT-PCR Confirmation Studies. Sample was assessed for the NPM-ALK fusion gene by using a standard probe-based PCR protocol on the Rapid Cycler. PCR was performed with NPM forward bp 296 (5Ј-AATTACGAAGGCAGTCCA-3Ј) and ALK reverse primers bp 3485 (5Ј-TCGTCCTGTTCAGAGC-3Ј) at 95°C for 1 s, 53°C for 5 s, and 72°C for 25 s for 40 cycles on the Rapid Cycler. Expected product size was 467 bp. Samples were assessed for TPM3-ALK fusion transcripts by using a nested PCR protocol as described (23) . All PCR products were subjected to electrophoresis on 2% agarose gels and visualized by UV transillumination.
DNA Sequencing for Confirmation of Fusion Transcripts.
Ten microliters of the PCR products were purified (Qiagen, Valencia, CA) and bidirectionally sequenced on ABI-Prism 3100 (Applied Biosystems) using the NPM forward bp 296, the TPM3 forward bp 269, and ALK reverse bp 3399 to confirm the identity of the chimeric fusions as NPM-ALK and TPM3-ALK, respectively.
